 Pathogenic fungi can lose virulence after protracted periods of culture but little is known of the underlying mechanisms. Here we present the first single-base resolution methylome for the plant pathogen B. cinerea and identify differentially methylated genes/genomic regions associated with virulence erosion.
Preamp EcoRI primer and 0.25 μl Preamp HpaII/MspI (both primers at 10 uM) supplemented with 0.1 μl at 1mg/ml of BSA. PCR conditions were 2 min at 72°C followed by 30 cycles of 94°C for 30 s, 56°C for 30 s and 72°C for 2 min with a final extension step of 10 min at 72°C.
Selective PCRs were performed using 0.3 μl of preselective PCR product and the same reagents as the preselective amplification but using FAM labelled selective primers (E2/H1). Cycling conditions for selective PCR were as follows: 2 min (94°C), 13 cycles of 30 s (94°C), 30 s (65°C, decreasing by 0.7°C each cycle), and 2 min (72°C), followed by 24 cycles of 30 s (94°C), 30 s (56°C), and 2 min (72°C), ending with 10 min (72°C). Fluorescently labelled MSAP products were diluted 1:10 in nanopure sterile water and 1 μl was combined with 1 μl of ROX/HiDi mix (50 μl ROX plus 1 ml of HiDiformamide, Applied Biosystems, USA). Samples were heat-denatured at 95°C for 3-5 min and snap-cooled on ice for 2 min. Samples were fractionated on an ABI PRISM 3100 at 3 kV for 22 s and at 15 kV for 45 min.
Analysis of genetic/epigenetic variability during time in culture using MSAP
MSAP profiles were visualized using GeneMapper Software v4 (Applied Biosystems, Foster City, CA). A qualitative analysis was performed in which loci were scored as ''present'' (1) or ''absent'' (0) to create a presence/absence binary matrix. MSAP selected loci were limited to amplicons in the size range 80-585bp to reduce potential for size homoplasy (Caballero et al., 2008) . Samples were grouped according to the cumulative period in culture at the time of collection Samples collected after 2, 3, 4, 5, 6, 7 and 8 months were denoted T2, T3, T4, T5, T6, T7, T8 and T8P respectively whereas those cultured for 8 months and then inoculated onto onto A. thaliana were labelled T8P.
Similarity between MSAP profiles obtained from primer combination E2/H1 and both enzymes (HpaII and MspI) was first visualized using Principal Coordinate Analysis (PCoA) (Gower, 1966) using GenAlex (v.6.4) (Peakall & Smouse, 2012) . We then used Analysis of Molecular Variance (AMOVA) (Excoffier et al., 1992) to evaluate the structure and degree of diversity induced by different times in culture. Pairwise PhiPT (Michalakis & Excoffier, 1996) comparisons between samples restricted with HpaII or MspI from each time point and the samples after the first passage (2 months in culture, T2) were used to infer their overall level of divergence with time in culture (i.e., the lower the PhiPT value between samples restricted using HpaII or MspI, the smaller the differentiation induced by culture and the same samples).
AMOVA was subsequently calculated using GenAlex (v.6.5) to test the significance of PhiPT between populations (Michalakis & Excoffier, 1996) , with the probability of non-differentiation (PhiPT=0) being estimated over 9,999 random permutations.
Mantle test analysis was used to estimate the correlation between the calculated pairwise molecular distances and the difference in virulence between culture time points. The level of significance was estimated over 9,999 random permutations tests, as implemented in Genalex v6.5.
Methylation analysis by WGBS
DNA from 9 biological replicates from culture of two culture ages (1, 8 months) and from 9
replicates of T8P were randomly selected for sequencing. Biological replicates were used to generate 3 pooled samples per culture age. Bisulphite treatment was performed independently from 50ng of genomic DNA of each pooled sample using the EZ DNA methylation-Gold™ Kit (Zymo Research) according to the manufacturers' instructions but adjusting the final column purification elution volume to 10 µl. Following Bisulphite treatment, recovered DNA from each pool was used to estimate yield using a NanoDrop 100 spectrophotometer using the RNA setting.
Bisulphite treated samples were then used to create a sequencing library using the EpiGnome™ Methyl-Seq Kit and Index PCR Primers (4-12) according to manufacturer's instructions. In order to provide a reference draft sequence for the alignment of the bisulphite treated DNA and to detect any culture induced genetic mutations, 10 ng of native (non-bisulphite treated) DNA extracted from cultures from time points 1 month (T1) and 8 month (T8) were sequenced and compared to the reference B. cinerea B05.10 genome sequence. Libraries were prepared using the EpiGnome™ Methyl-Seq Kit and Index PCR Primers (Epicentre) (1-2) according to manufacturer's instructions.
Library yield was determined by Qubit dsDNA High Sensitivity Assay Kit. Agilent 2100
Bioanalyzer High-Sensitivity DNA Chip was used to assess library quality and determine average insert size. Libraries were then pooled and sequenced on Illumina HiSeq2000 (Illumina Inc., San Diego, CA) 100bp paired-end V3 chemistry. Data available at Sequence Read Archive (PRJEB14930). Bisulfite sequencing efficiency was calculated by aligning reads to the B. cinerea mitochondrial genome scaffold (B05.10) and identifying non-bisulfite converted bases. Differentially methylated regions were called using a sliding window approach described in swDMR (https://code.google.com/p/swdmr/). The significance of the observed DMRs was determined using a three sample Kruskal-Wallis (3 sample) test between T1, T8 and T8P.
Sequence analysis and differential methylation analysis

Results
Pathogenicity analysis of Botrytis cinerea
Isolates from all culture time points produced lesions on A. thaliana leaves but they varied in their severity ( Figure 1A ). There was a progressive decline in disease scores recorded over the eight-month period (i.e. T0-T8) ( Figure 1B) , with loss of virulence becoming significant from 3 months (T3) onwards (T-Test P<0.05) ( Figure 1B ). The disease scores for the T8P challenge did not differ significantly from those recorded at T0 culture time, indicating that virulence had recovered following a single passage through a plant ( Figure 1B ). Conversely, T8 virulence scores were significantly lower than those obtained from T0 to T5 and also than T8P (T-Test P<0.05) ( Figure 1B ). Infected leaves with T0 and T8P cultures did not show significant differences in fungal DNA content measured by qPCR ( Figure 1C ). However, both showed significantly higher levels of fungal DNA (T-Test P<0.05) than those infected using T8 cultures ( Figure 1C ).
Analysis of genetic and epigenetic variance during culture using MSAPs
MSAP profiles generated 74 scored loci across the 112 samples of eight B. cinerea culture times shows that the calculated PhiPT values were significantly different (P<0.05) between T2 and time points T6, T7, T8 and T8P when using MspI and T7, T8 and T8P when using HpaII ( Figure   2B ). Mantle test analysis showed significant correlations between disease score differences among culture times and pairwise PhiPT values from MSAP profiles generated using MspI (R² = 0.316; P=0.005) and HpaII (R² = 0.462; P=0.002) ( Figure S2 ).
B. cinerea genome resequencing
Divergence in MSAP profiles may occur through changes in methylation or through genetic mutation. However, the recovery of profile affinity towards that of the original inoculum after a single passage on Arabidopsis is difficult to reconcile genetically, suggesting the majority of the changes to MSAP profiles was caused by differences in DNA methylation rasther than sequence mutations. We therefore sought to better characterise mutational changes using a genome-wide variants that altered predicted splice junctions were also identified.
We next focused the search for variants within the sequence of 1,577 B. cinerea genes with known function including: secondary metabolism, conidiation, sclerotium formation, mating and fruit body development, apoptosis, housekeeping, signalling pathways (Amselem et al., 2011) and virulence senso lato genes. The virulence sensu lato genes included: appressoriumassociated genes (Amselem et al., 2011) , virulence sensu stricto genes (Choquer et al., 2007) and plant cell wall disassembly genes (CAZyme genes) (Blanco-Ulate et al., 2014) . We found 68/1,577 (4.3%) of the tested genes contained one or more variants between T1 and T8 (See Table 1 and Table S2 for a comprehensive list of genes with variants).
Characterisation of DNA Methylation changes by WGBS
We next characterised genome-wide DNA methylation flux by conducting WGBS from triplicated genomic DNA extractions from mycelia of two different culture ages (T1 and T8) and eight month cultures after inoculation onto A. thaliana plant (T8P). This yielded 187.5 million reads, ranging from 12.61 to 34.05Gbp of sequence per sample after quality filtering. Mapping efficiency of each replicate ranged from 54.3 to 67.6%, resulting in samples that generated between 33 and 55x coverage of the 42.66Mbp genome (Table S3 ). This is the highest genome coverage achieved to date for any fungal species after bisulfite sequencing. For each sample, we covered over 91-93% of all cytosines in the genome (Table S3) , with all samples having at least 81% of cytosines covered by at least four sequencing reads, allowing methylation level of individual sites to be estimated with reasonable confidence.
WGBS identified an average of 15,716,603 mC per sample, indicating an average methylation level of 0.6% across the genome as a whole (Table S4 ). The most heavily methylated context was CHH followed by CG and CHG (where H is A, C or T) (Table S4 ). Global levels of mC did not significantly change with culture time, although methylation in the rarer CG and CHG contexts increased significantly (T-test, p=0.0008 and 0.0018) between 1 and 8 months in culture ( Figure 3A ). However, modest declines were apparent in both contexts on eight month old cultures inoculated onto A. thaliana (T8P) ( Figure 3A ) they proved not significant ((T-test, with that observed at a whole-genome level ( Figure 3A ).
The same methylation density analysis was then carried out for five housekeeping genes in Botrytis (i.e., G3PDH (BC1G_09523.1); HSP60 (BC1G_09341.1); Actin (BC1G_08198.1 and BC1G_01381.1) and Beta Tubulin (BC1G_00122.1). All five loci possessed low levels of DNA methylation in every context and there were no changes in DNA methylation between culture time points (i.e., T1, T8 and T8P) (Data not shown).
In common with most genes, those encoding putative CAZymes, proteins secreted by B. cinerea upon plant infection (Table S5 ) (Blanco-Ulate et al., 2014) , contained more methylation in regions immediately upstream of the TSS ( Figure 5A ). However, these genes showed higher levels of methylation after 8 months in culture than at T1 and at T8P. The observed increase in methylation on T8 samples was primarily driven by increased methylation in the CHG and CG (
Figure 5B-C) contexts. In contrast, CHH sites ( Figure 5D ) showed highst levels of methylation on the T8P samples; following the general trend observed both at a whole genome level ( Figure   3A ) and by all B. cinerea genes (Figure 4 ).
Detection of culture induced DMRs
We sought to identify DMRs between three culture times (T1, T8 and T8P) by comparing methylation levels across the whole genome of all samples implementing swDMR sliding window analysis. Analysis of DMR length distribution showed DMRs sizes ranging from 12 to 4994bp ( Figure 6A ). The sliding window approach identified 2,822 regions as being significantly differentially methylated in one of the samples compared to the other two for all mCs ( Table 2,   Table S6 ). Overall methylation levels of DMRs decreased in all contexts (CG, CHG and CHH) as time in culture progressed (from T1 to T8) but this was followed by a recovery of DNA methylation levels after 8 month cultures were inoculated onto A. thaliana (T8P) (Figure 6b ).
However, it is worth noting that T8 showed a larger number of outlier DMRs (greater than two standard deviations away from the mean) that exhibited significantly higher levels of methylation than the average ( Figure 6B ).
When examined individually, variance in DMRs between samples comprised of two main pattern types ( Table S7 ). The same analyses were carried out to detect DMRs for CG, CHG and CHH contexts, identifying 70, 82 and 1,248 DMRs respectively for each context (Table 3, Table S7 ). Of these, 91.4% (CG), 89.0% (CHG) and 85.2% (CHH) overlapped with 68, 84 and 1,339 genes respectively (Table 3, Table S7 ).
Finally, we conducted a search for DMRs overlapping with 1,577 B. cinerea genes with known targeted functions that was carried out in the resequencing section above. Of these, 478 genes (30.3%) overlapped with one or more detected DMRs (See Table 1 and Table S8 for a comprehensive list of genes overlapping with DMRs).
Discussion
Culture-induced changes to MSAP profiles and virulence are simultaneous and reversible.
In accordance with previous reports (Akamatsu et al., 1999; Chu et al., 2002; Hatta et al., 2002; Castro et al., 2003) , virulence of B. cinerea cultures progressively decreased with culture age, but recovered after one passage of in vivo infection on A. thaliana (Butt et al., 2006) .
Concurrent with these changes, MSAP profiles showed a similar progressive increase in deviation from the starter culture profiles consistent with previous reports of accumulative genetic/methylome change for other species, when similarly exposed to prolonged periods of culture (Rodríguez López et al., 2010) . This accumulation of variation as culture progressed showed a positive linear correlation with the observed changes in virulence. This accords with reported high levels of somaclonal variability arising during in vitro growth of phytopathogenic fungi, which seemingly depresses the level of virulence of the culture isolates (Dahmen et al., 1983) . Whilst the source of the increased variation during protracted culture could have a genetic or epigenetic cause (both mutation and methylation perturb MSAP profiles), reversal of virulence phenotype after a single passage of the cultured fungus on A. thaliana (T8P) strongly implies that a plastic, epigenetic mechanism is primarily responsible for driving the observed decline in virulence. This is most easily explained if culture alters the methylation status of the genome and this in turn perturbs the expression control of genes responsible for virulence. For this hypothesis to hold, a particularly strong link should exist between changes in the methylation status of genes known to be implicated in virulence and the disease symptoms evoked by culture. Establishing such links requires a more precise description of both methylome flux and mutation in culture.
Sequence variants do not explain loss of virulence during culture
Whole genome resequencing of six DNA samples taken at two time points (one month and eight months) allowed us to monitor for mutational change during the extended period of B. cinerea culture. This work uncovered 198 non-synonymous mutations within genes. For genes with unknown function, it is difficult to implicate these changes as being involved in the loss of virulence observed during culture. We therefore screened specifically for the appearance of genetic variants among 1,577 B. cinerea. Of these, just eight genes (0.5%) included sequence variants that were not silent, conservative missense or synonymous mutations. Of the 1184 genes associated to virulence, just six (0.5%) included a sequence variant that could conceivably affect the virulence phenotype. All six were plant cell wall disassembly genes, CAZyme genes (Lombard et al., 2014) . It is tempting to speculate that some of the loss of virulence may have been casually linked to one or more of these loss-of-function mutants being favored in vitro such that virulence was progressively eroded but later restored by strong selection on the plant for functioning alleles. However, there is extensive redundancy among the 275 CAZyme genes present in the Botrytis genome (Blanco-Ullate et al., 2014) and it is highly unlikely that the gradual loss of one or a small number of these genes would have such a pronounced effect on the disease phenotype. Equally, it is difficult to reconcile the stochastic and infrequent nature of mutation against the consistency in the timing and extent of virulence erosion/restoration seen across all replicates. Thus, we are inclined not to concur with the view of previous studies for other species that genetic mutation is the primary cause of the erosion of virulence during in vitro culture of B. cinerea (Jeon et al., 2013) .
In vitro culture affects whole-genome methylation patterns
Our results suggest that changes in DNA methylation at a genome level are more likely than mutation to be causally linked to the observed loss of virulence. To establish a more direct association between methylome changes and gene activity we sequenced the methylomes of nine samples from three culture time points (T1, T8 and T8P). All genomes presented similarly low levels of DNA methylation (0.6%) as reported for other fungal species (Zemach et al., 2010) .
DNA methylation was not evenly distributed across contigs but clustered following a mosaic pattern (Feng et al., 2010) , with higher levels of methylation in genomic regions with low gene abundance. Jeon et al., (2015) noted similar methylation clustering patterns in pathogenic fungi around gene-poor regions rich in transposable elements rich and found these to dynamically follow fungal development. However, in our study clustering patterns were similar across time points suggesting that the methylation changes detected here are unlikely to be associated to any developmental progression that occurred during culture. However, global methylation levels Comparative analysis between culture time points showed that when all B. cinerea genes were analysed collectively there were no changes in DNA methylation with time in culture. However, while DNA methylation on house-keeping remained stable between culture time points,
CAZyme genes showed an increase in promoter methylation with time in culture. Moreover,
CAZyme genes showed a return to original methylation levels after a single passage on A.
thaliana (i.e. T1=T8P<T8). Conversely, all B. cinerea genes analysed collectively showed an increase in methylation, similar to that observed at a whole genome scale (T1=T8<T8P). Global methylation levels on the CAZyme gene in promoter regions showed a negative correlation with virulence levels. This observed increase in promoter methylation on T8 samples seems to be due to an increase on the CHG and CG contexts. Conversely, global methylation levels within
CAZyme gene bodies were positively correlated with virulence levels, largely due to changes in the CHH context. The CAZyme gene family encodes proteins that breakdown, biosynthesise and modify plant cell wall components and are highly expressed during plant invasion in B. cinerea (Lombard et al., 2014; Blanco-Ulate et al., 2014) . This gene family, should therefore, be readily accessible to the transcriptional machinery in the virulent form of pathogenic fungi. Interestingly, our results show an association between virulence levels in T1, T8 and T8P samples and a methylation features in CAZyme genes that have positive effects on gene expression, i.e. high gene-body methylation (Zemach et al., 2010; Jeon et al., 2015) and low promoter methylation (Jeon et al., 2015) in high virulence cultures (T1 and T8P) and the opposite in the low virulence culture (T8).
Culture induced DMRs are reversible and mirror changes in virulence
Overall, we identified 2,822 candidate DMRs between T1, T8 and T8P for all mCs, with DMRs showing a decrease in methylation between T1 to T8 in all contexts (CG, CHG and CHH), followed by a recovery of DNA methylation after culture on A. thaliana (T8P). Initially, this seems to contradictobservations in global DNA methylation levels in which methylation increased following the trend (T1<T8<T8P). This might simply suggest that there is a marked difference between the behaviour of clustered and dispersed methylation. This assertion certainly concurs with similar differences noted between global ad local DNA methylation levels in previous studies on different organisms (Jung & Pfeifer, 2015; Jeon et al., 2015) . However, it should be noted that T8 cultures exhibited a larger number of outlier DMRs showing containing raised methylation levels, suggesting that not all predicted DMRs followed the same pattern of demethylation followed by re-methylation. Furthermore, regional changes in DNA methylation have been previously associated to the developmental potency of fungal cells (Jeon et al., 2015) .
In their work, the authors showed how fungal totipotent cells ( with any DMRs while genes associated with apoptosis and conidiation showed the higher percentage of overlapping DMRs (40.0 and 37.5% respectively). Remarkably, both biological processes have been previously shown to be affected by DNA methylation (Belden et al., 2011; Hervouet et al., 2013; Jeon et al., 2015) . More importantly 27.6% of all virulence genes analyzed overlapped with DMRs of which 77% showed recovery after a single passage on the host.
Our results imply that protracted culture of B. cinerea induces a hypermethylated, low pathogenic form adapted to the host's absence or the abundance of nutrients in the culture media.
It is tempting to speculate that the observed change in global and local levels of DNA methylation during in vitro culture could be part of a mechanism that confers plasticity to the B. cinerea genome to adapt to different environments. Butt et al., (2006) proposed that in vitro culture induced loss of virulence could be the reflexion of an adaptive trait selected to promote energy efficiency, by turning off virulence genes in the absence of the host or in nutrient rich environments, and that such change could become maladaptive by restricting the pathogen to saprophytism (Butt et al., 2006) . Environmentally induced epigenetic adaptive changes have been predicted to potentially induce evolutionary traps leading to maladaptation (Consuegra del Olmo & Rodriguez Lopez, 2016) . However, the complete reversibility of the reduced virulence phenotype suggests that this might not be the case here.
We propose that the next step towards a better understanding of the epigenetic regulation of virulence in fungi should be to confirm the causal links between the methylation changes described here and perturbations in virulence genes expression. This, together with the increasing availability of sequenced fungal genomes and methylomes, and our ability to decipher the associations between changes in DNA methylation and virulence, will stimulate the understanding of the mechanisms involved in fungal virulence control. Moreover, the analysis of (Type 2)) and non-recovery (T1>T8=T8P (Type 1a) and T1=T8<T8P (Type 1b)). Virul. s.l.
indicates virulence genes in abroad sense and include genes associated to: Appressorium formation, virulence on a strict sense and CAZyme genes. 
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Fig. S2
Correlations were calculated using mantle test analysis on pairwise PhiPT values (GD) 1 (generated from MSAP data obtained using MspI (a) and HpaII (b)) and differences in virulence 2 between culture time points (VirD). Analysis using 1000 permutations showed significant 3 correlations (a: P = 0.005; b: P = 0.002). 4 5 6 Kruskal-Wallis test on a sliding window analysis conducted through swDMR. Methylation levels 37 (%mC) were calculated as proportion of methylation (i.e., number of methylated Cs divided by the 38 total number of Cs) and were considered significantly different when the calculated FDR was lower 39 than 0.01. Three replicates were used per time point (T0, T8 and T8P, 2, 8 month in culture and 8 40 months and inoculation onto A. thaliana respectively). Samples were grouped according to four 41 patterns on DNA methylation behavior (2, T0=T8P > T8; 1a, T0>T8=T8P; 1b, T0=T8<T8P and 0, 42 T0=T8P < T8). Coverage indicates the calculated average sequencing coverage for each DMR. 43
sample Kruskal-Wallis test. Methylation levels were analyzed by sliding window analysis using 48 swDMR. DMRs were determined for all context. DMRs were grouped according to the genic region 49 they overlapped with (i.e, Promoter, promoter and Gene body, promoter, Gene body and 3'UTR, 50 gene body and 3'UTR and gene body). Methylation pattern was considered as recovered when 51 methylation at T0 was equal (not significantly different) to T8P and lower or higher than that at T8. 52 53 indicates what DNA methylation behavior the DMR showed when comparing all three samples (2, 57 T1=T8P > T8; 1a, T1>T8=T8P; 1b, T1=T8<T8P and 0, T1=T8P < T8). 58 in vitro culture of B. cinerea.
